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Introduction {#s1}
============

With a prevalence of 1% celiac disease is one of the most common inflammatory disorders in Western populations; it is mainly triggered and maintained by gluten, storage proteins in wheat, rye, and barley [@pone.0113932-Tjon1], [@pone.0113932-Schuppan1]. In addition to gluten as environmental factor, a genetic predisposition is required to develop celiac disease. The vast majority of celiac patients express human leukocyte antigen (HLA)-DQ2 and/or HLA-DQ8 by which immunogenic gluten-derived gliadin peptides (GP) are presented and thereby induce the proliferation of gluten sensitive T-cells [@pone.0113932-Tjon1]. The oral intake of gluten may then lead to an initiation of innate and adaptive immune responses which result in cell damage and villus atrophy in the small intestine with subsequent malabsorption and diarrhoea. Up to now the only treatment is a life-long gluten-free diet not only to enable mucosal recovery but also to minimize the risk for the development of enteropathy-associated T-cell lymphoma which has been seen to be markedly increased in patients with untreated celiac disease [@pone.0113932-Schuppan1], [@pone.0113932-Jabri1].

In this context, gliadins as a fraction of gluten proteins [@pone.0113932-Wieser1] were identified as important inflammatory stimuli in celiac patients [@pone.0113932-Townley1]. Currently, two groups of GP are considered to contribute to the disease process in a different manner. Therefore, a distinction is made between immunogenic and toxic GP [@pone.0113932-Ciccocioppo1]. Immunogenic GP contain sequences which stimulate HLA-DQ2 or HLA-DQ8 restricted T-cell clones derived from celiac patients thereby inducing an adaptive immune response [@pone.0113932-vande1]--[@pone.0113932-Vader1]. For example, P56--68 is considered to be a sequence representative of immunogenic peptides located at amino acid position 56--68 of α-gliadin [@pone.0113932-Vader1]. In contrast, toxic GP were shown to induce non T-cell mediated mucosal damage in biopsies from celiac small intestine [@pone.0113932-Maiuri1]--[@pone.0113932-Marsh1]. P31--43, a peptide sequence located at position 31--43 of α-gliadin represents a GP from the group of toxic peptides [@pone.0113932-Maiuri1].

As a prerequisite for these immune reactions, GP have to resist proteolytic digestion and to pass the intestinal epithelial barrier and gain access to the *lamina propria*. Dietary proteins are digested by soluble gastric and pancreatic proteases and are subsequently hydrolysed by peptidases located in the brush border membrane of enterocytes [@pone.0113932-Silk1]. Furthermore, antigens can be degraded in the endocytotic pathway of enterocytes [@pone.0113932-vande3]. However, proline-rich peptides are inaccessible for most proteases leading to the hypothesis that GP which are rich in proline are resistant to proteolytic breakdown [@pone.0113932-Hausch1]. These antigens may then cross the epithelial barrier via paracellular pathways regulated by tight junctions which are thought to be accessible for small antigens with a maximal molecular weight of about 5,500 Da [@pone.0113932-Pappenheimer1]. Alternatively, antigens may pass the monolayer transcellular by endocytosis [@pone.0113932-Snoeck1].

Up to now, underlying mechanisms of translocation and processing of the GP P31--43 and P56--68 in enterocytes are not clear. Matysiak-Budnik et al. [@pone.0113932-MatysiakBudnik1] reported that the immunogenic P57--68 was partially degraded by brush-border peptidases in biopsies from control but not in those from celiac patients. During the transport process across the epithelial barrier, however, it was completely degraded in biopsies from both, control and celiac patients. In contrast, the toxic P31--49 was shown to be resistant against degradation by brush-border peptidases in celiac and control patients. Still, the intact peptide was only able to pass the epithelial barrier in biopsies from celiac patients but not in those from controls. Thus, the specific ways of epithelial translocation of immunogenic and toxic GP are considered to be a crucial step in the pathogenesis of celiac disease.

Using fluorescence labeled immunogenic and toxic GP in enterocytes and investigating their intracellular transport, it has been suggested that the immunogenic P56--68 was transported into late endosomes whereas the toxic P31--43 and P31--49 remained in early endosomes. Due to the transport of P56--68 into HLA-class-II positive late endosomes a degradation and/or a presentation by enterocytes was hypothesized. In contrast, it is supposed that toxic GP stay intact on the endocytotic route and are released at the basolateral side of the enterocyte [@pone.0113932-Zimmer1], [@pone.0113932-Lubbing1].

In the present study, we investigated the proteolytic breakdown and transport of two short GP of the same chain length, the toxic P31--43 and the immunogenic P56--68 by enterocytes in a human intestinal cell line (Caco-2) as a model system for transport in gut epithelium [@pone.0113932-Wilson1], [@pone.0113932-Rousset1]. In this context, a major question was whether fluorescence signals alone, without identifying the underlying structures, can be used for an unequivocal conclusion regarding the endocytosis and translocation of GP.

Material and Methods {#s2}
====================

Synthesis and fluorescence labeling of peptides {#s2a}
-----------------------------------------------

Peptide synthesis was performed using an automated peptide synthesizer (Liberty, CEM, Kamp-Lintfort, Germany) or by linear solid-phase peptide synthesis (SPPS) on Fmoc-Tyr(^t^Bu)-Wang resin according to Amblard et al. [@pone.0113932-Amblard1]. Peptides with the amino acid sequence LGQQQPFPPQQPY and LQLQPFPQPQLPY are referred to as P31--43 and P56--68, respectively. The resulting product was purified by preparative HPLC on a Merck LiChrosorb RP-8 column (250×4.6 mm) with a MeCN gradient (5--95% over 15 min) in H~2~O (P31--43: flow rate = 3 mL/min, retention time = 3.0 min; P56--68: flow rate = 3 mL/min, retention time = 2.5 min). The purified product was analysed by LCMS (P31--43: flow rate = 0.2 mL/min; retention time = 15 min, P56--68: flow rate = 0.2 mL/min; retention time = 17 min). These peptides were subsequently labeled at their *N*-terminus with Promofluor--488 (PF--488) (PromoKine, Heidelberg, Germany). In a typical experiment, 15 mg (9.82 µmol) of the peptide P31--43 were dissolved in dry dimethyl sulfoxide (DMSO) under a nitrogen atmosphere. The pH was adjusted to 8 with triethylamine and the solution was cooled to 0°C. 6.1 mg (9.82 µmol) PF--488 *N-*hydroxysuccinimide (NHS) -ester in 8 mL dry DMSO were added and the mixture was stirred for 48 h at room temperature in the dark. The solvent was removed by freeze drying. The resulting crude product was purified by preparative HPLC (PF-P31--43: RP-18 column, flow rate = 2 mL/min, retention time = 7.1 min; PF-P56--68: RP-8 column, flow rate = 2 mL/min, retention time = 2.4 min) and identified by LCMS (PF-P31--43: flow rate = 0.2 mL/min; retention time = 17 min, PF-P56--68: flow rate = 0.2 mL/min; retention time = 19 min).

Cell culture {#s2b}
------------

Human intestinal epithelial cells (Caco--2) were obtained from ATCC (Manassas, VA, USA) and cultured at 37°C with 5% CO~2~ and 95% humidity in DMEM supplemented with 1% glutamine, 1% sodium pyruvate, 1% nonessential amino acids (NAA) and 10% heat inactivated fetal calf serum (FCS) (Invitrogen, Darmstadt, Germany). Culture media were changed every two to three days. Cells used for experiments were at passage 10--30.

The experimental setup is illustrated in [Figure 1](#pone-0113932-g001){ref-type="fig"}. For transport experiments differentiated Caco-2 cells forming an intact monolayer were used. Therefore, cells were seeded at a density of 2.25×10^5^ cells/cm^2^ on cell culture filter inserts (ThinCert, culture surface: 33.6 mm^2^, pore size: 0.4 µm) in 24-well plates (Greiner Bio One, Frickenhausen, Germany) and cultured with supplemented DMEM including 1% penicillin streptomycin (Invitrogen) and 20% FCS until 14--17 days after they had reached confluence.

![Experimental setup.\
(A) A differentiated Caco-2 Monolayer was incubated with fluorescence labeled P31--43 or P56--68 on the apical side of the cells. (B) After 3 h or 24 h incubation the apical and basal cell media were analyzed by fluorescence spectroscopy and MALDI-TOF-MS. The Caco-2 cells were analyzed by flow cytometry and confocal microscopy.](pone.0113932.g001){#pone-0113932-g001}

Before the start and at the end of the transport experiments, the integrity of the cell monolayer was tested by measuring transepithelial electric resistance (TEER) on a volt-ohm meter (Millicell ERS, Millipore, Schwalbach, Germany). Monolayers with insufficient TEER (\<450 Ω/cm^2^) were omitted.

Cells were pre-incubated with transport medium (Hank\'s Balanced Salt Solution (HBSS) with Ca^2+^, Mg^2+^ and glucose) (Invitrogen) (200 µl in the apical, 900 µl in the basal compartment of the transwell system) for 30 min at 37°C. Methyl-β-cyclodextrin (MβCD; Sigma-Aldrich, Munich, Germany; 2 mmol/L) was added to the apical compartment to inhibit endocytosis. Then, PF--488 labeled GP dissolved in 100 µl transport medium were added on the apical side of the cells at a total concentration of 32 µmol/L or 145 µmol/L. Cells were incubated at 37°C for 3 or 24 h. Thereafter, media from both compartments (apical and basal) were removed to be further analyzed by fluorescence spectroscopy and MALDI--TOF--MS; cell inserts were prepared for flow cytometry and confocal laser scanning microscopy.

To inhibit transcellular antigen uptake, experiments were done at 4°C for 3 h. Caco--2 monolayer were pre-incubated with cold transport medium (200 µl apical, 900 µl basal) at 4°C for 10 min. As described above, PF--488 labeled GP (32 µmol/L) were added and the cells were incubated 3 h at 4°C. Then, cells were washed using ice cold PBS (Invitrogen). Since the monolayer integrity was disrupted after 3 h incubation at 4°C, the cell layer, but not culture media were further analyzed by using flow cytometry and confocal laser scanning microscopy.

Fluorescence spectroscopy {#s2c}
-------------------------

After incubation of Caco--2 cells with PF--488 labeled GP, the apical and basal media were collected and measured by fluorescence spectroscopy (Fluoroskan Ascent FL, Thermo Scientific, Langenselbold, Germany). The fluorescence intensity of PF--488 was determined at a wavelength of 485 nm for excitation and 538 nm for emission. The measured fluorescence intensity was corrected by the background fluorescence of the incubation media. The translocation of PF--488 labeled peptides into the basal compartment was quantified in relation to the apical fluorescence intensity. To identify the corresponding peptides, MALDI-TOF-MS analysis was done.

MALDI--TOF-MS {#s2d}
-------------

For mass spectrometric analyses peptides were concentrated and desalted using C18 ZipTips (Millipore). MALDI--TOF--MS analysis of the apical and basal cell culture media was performed using a Bruker Ultraflex I instrument (Bruker Daltonics, Bremen, Germany) with 2,5-dihydroxybenzoic acid (DHB)/methylenbisphosphonic acid as matrix. For calibration an external standard peptide mixture (Bruker Daltonics) was used. MS-spectra were processed by the software FlexAnalysis (version 3.0, Bruker Daltonics). The peptide sequences of P56--68 and P31--43 as well as fragments of these peptides were deduced from the detected molecular mass considering the H^+^, Na^+^ and K^+^ adducts. Masses were assigned to peptides allegeable to cleavage of GP. Detected GP were quantified by calculating the relative area under the curve (AUC). The values of three independent experiments are given as mean values. Based on the affinity of peptidases localised on the intestinal brush border membranes for certain amino acid linkages [@pone.0113932-Hausch1] the degradation pathways of P31--43 and P56--68 were reconstructed.

Flow cytometry {#s2e}
--------------

After removal of the apical and basal media, Caco--2 cells were rinsed with PBS and dissociated with trypsin/EDTA solution (Invitrogen) supplemented with 1.9 mmol/L sodium EDTA (Sigma-Aldrich) for 8 min to get a single-cell suspension. Trypsin was inhibited by adding culture media and the cells were washed with PBS. After resuspension in PBS the cells were analyzed by flow cytometry (Guava easyCyte mini, Millipore, Hayward CA, USA) and the software CytoSoft 4.2.1 (Guavatechnologies, Hayward CA, USA). The arithmetic mean of fluorescence intensity determined for 5,000 cells was used to calculate the mean fluorescence intensity (MFI) of three independent experiments. The MFI of cells incubated without PF--488 labeled peptides was used to subtract background staining.

Confocal laser scanning microscopy {#s2f}
----------------------------------

Caco--2 cells were rinsed twice with PBS and fixed with 3% paraformaldehyde solution (Sigma-Aldrich) for 5 min. Nuclear staining was done by Hoechst 33342 solution (Invitrogen) for 5 min. Thereafter, cells were washed twice with PBS. To mount Caco-2 cells on a slide, the filter covered with the cell monolayer was cut out and mounted on a cover slip using Prolong Gold (Invitrogen) as mounting reagent. Confocal laser scanning microscopy was done on a Nikon Eclipse TE2000 equipped with EZ-C1 3.80 software (Nikon, Düsseldorf, Germany) with 100× magnification. Excitation was done by Argon (488 nm) and HeNe (543 nm) lasers. Three-dimensional pictures were generated using the software NIS-Elements 3.20 (Nikon).

Statistics {#s2g}
----------

Statistical analysis was done using the software GraphPad Prism 4.03 (San Diego, CA, USA). Each experiment was performed at least three times and expressed as means ± SD. To compare treatment groups, the two-tailed unpaired student\'s t-test was used. Statistical significance was defined at *p*\<0.05.

Results {#s3}
=======

Translocation of GP {#s3a}
-------------------

To examine whether or not small immunogenic and toxic GP are able to cross an intestinal epithelial barrier, a differentiated Caco--2 monolayer was incubated with PF-488 labeled P31--43 and P56--68 on the apical side of the cells. The translocation of the peptides was evaluated by fluorometric detection of PF-488 in the incubation media followed by identification of the peptides with and without fluorescent label by MALDI-TOF-MS. By measurement of TEER before and at the end of each transport experiment we observed that the integrity of the monolayer was not affected over the time of incubation. Fluorometric analyses of the cell media revealed significantly higher basal fluorescence intensities when cells were incubated for 3 h with 145 µmol/L P31--43 compared to cells incubated with an equimolar amount of P56--68 (0.7 and 0.4% of the apical fluorescence intensity, respectively, p\<0.05). At a lower concentration of GP (32 µmol/L), fluorescence intensity in the basal media was lower but no differences were found between P31--43 and P56--68 (0.3% for both peptides) ([Fig. 2A](#pone-0113932-g002){ref-type="fig"}). However, after 24 h incubation at the same concentration significant differences were observed depending on the peptide used, i.e., fluorescence intensity in the basal compartment was significantly higher after incubation of cells with P31--43 compared to P56--68 (2.2 vs. 1.7%, respectively) ([Fig. 2B](#pone-0113932-g002){ref-type="fig"}). Using MβCD as an inhibitor of endocytosis, translocation was decreased in cells incubated with P31--43 by approximately 20%; no significant difference was observed with P56--68 (1.8 and 1.6%, respectively) ([Fig. 2C](#pone-0113932-g002){ref-type="fig"}). To verify that the detected fluorescence signals correspond to labeled GP, MALDI-TOF-MS analyses were applied. We found that intact peptides as well as fragments carry the fluorescence label (PromoFluor-488) in the apical and basal cell culture media ([Fig. 2](#pone-0113932-g002){ref-type="fig"}, [Table S1](#pone.0113932.s003){ref-type="supplementary-material"}--[S4](#pone.0113932.s006){ref-type="supplementary-material"}). Thus, it was shown that after 3 h of incubation, the majority of the fluorescence labeled peptides in the apical media consisted of intact P31--43 and P56--68. After 24 h of incubation, however, most fluorescence labeled peptides were degraded by cleavage of at least one amino acid. In the basal media showing fluorescence signals, trace amounts of intact P31--43 and P56--68 as well as fragmented peptides were identified by MALDI-TOF.

![Epithelial translocation in Caco-2 monolayers of fluorescence labeled gliadin peptides measured by fluorescence spectroscopy and MALDI-TOF-MS.\
Fluorescence intensity and mass spectrometric identified peptides in the basal cell culture media (A) after incubation with fluorescence labeled P31--43 and P56--68 (32 µmol/L and 145 µmol/L) for 3 h, (B) after incubation with 32 µmol/L fluorescence labeled P31--43 and P56--68 for 3 h and 24 h, (C) after incubation with 32 µmol/L fluorescence labeled P31--43 and P56--68 with and without MβCD for 24 h. Basal fluorescence is given as % of apical fluorescence intensity. Results are shown as mean ± SD; \*p\<0.05; n.s.: not significant.](pone.0113932.g002){#pone-0113932-g002}

Cellular uptake of GP {#s3b}
---------------------

Flow cytometry and confocal microscopy revealed intracellular uptake of fluorescence labeled antigens for both GP tested. Cell associated MFI increased to a similar extent after 3 h incubation with P31--43 and P56--68 at a concentration of 32 µmol/L. Control experiments at 4°C showed decreased MFI for both peptides tested ([Fig. 3A, C and J](#pone-0113932-g003){ref-type="fig"}). Confocal microscopy was used to further examine the exact localization of the fluorescence signal within the cells. Only weak fluorescence signals were detected at 4°C. After incubation at 37°C, however, fluorescent vesicles were found at the apical side of the cells for both peptides ([Fig.3B and D](#pone-0113932-g003){ref-type="fig"}). Incubation of Caco-2 cells with P56--68 for 24 h led to decreased cell associated MFI compared to 3 h experiments. In contrast, no significant difference was observed for P31--43 with regard to incubation times ([Fig. 3I](#pone-0113932-g003){ref-type="fig"}). Flow cytometric analysis revealed a reduced MFI for cells incubated with P31--43 for 24 h in combination with MβCD, whereas no further decrease by MβCD was found with P56--68 ([Fig. 3E-H, K](#pone-0113932-g003){ref-type="fig"}).

![Cellular uptake of fluorescence signal in Caco--2 cells incubated with fluorescence labeled GP.\
Flow cyctometry (A+C) and confocal microscopy (B+D) of Caco--2 cells after 3 h incubation with P31--43 (A+B) and P56--68 (C+D) at 37°C and 4°C. Flow cyctometry (E+G) and confocal microscopy (F+H) of Caco--2 cells after 24 h incubation with P31--43 (E+F) and P56--68 (G+H) with (+MβCD) and without methyl-β-cyclodextrin (−MβCD). To detect autofluorescence of Caco--2 cells, non-treated cells were analysed and used as controls. Mean fluorescence intensity (MFI) of cells analysed by flow cytometry (I-K): Comparison of MFI of Caco--2 cells after 3 h and 24 h incubation with P31--43 and P56--68 (I). Comparison of MFI of Caco--2 cells after 3 h incubation with P31--43 and P56--68 at 37°C and 4°C (J). Comparison of MFI of Caco--2 cells after 24 h incubation with P31--43 and P56--68 with and without MβCD (K). Results are shown as mean ± SD; \*p\<0.05, \*\*\*p\<0.005.](pone.0113932.g003){#pone-0113932-g003}

Digestion of P31--43 and P56--68 by Caco-2 cells {#s3c}
------------------------------------------------

To further investigate the structural integrity of the peptides throughout the translocation process, MS analyses were performed.

Using MALDI-TOF-MS, we showed that fluorescence labeled GP were partly cleaved at the apical side of the intestinal cells. Based on the MS-profiles ([Tab. S1](#pone.0113932.s003){ref-type="supplementary-material"}--[S4](#pone.0113932.s006){ref-type="supplementary-material"}) and the known amino acid affinities of peptidases localized in the brush border membrane [@pone.0113932-Bai1], [@pone.0113932-Hausch1], a degradation pathway of the peptides was reconstructed. MALDI--TOF--MS revealed that the majority of P31--43 (76%) and P56--68 (84%) remaining in the apical compartment were still intact after 3 h. However, after 24 h, most of the *C*-terminal tyrosine residues of the P31--43 (83%) and P56--68 (72%) were cleaved, presumably by carboxypeptidase P (CPP). After 3 h of incubation cleavage of *N*--terminal leucine, glutamine and leucine residues in P56--68 were detected. Sequences attributed to degradation by aminopeptidase N (APN) contributed only little to the identified peptide fragments after 24 h incubation time. In P31--43, even four *N*--terminal amino acids (leucine (L) glycine (G), glutamine (Q), glutamine (Q)) were hydrolysed, probably mediated by APN. Further fragments as potential cleavage products of dipeptidyl peptidase IV (DPP IV), CPP and APN were also detected in small amounts after 3 h and 24 h ([Fig. 4](#pone-0113932-g004){ref-type="fig"}).

![Digestion of P56--68 and P31--43 by Caco--2 cells.\
MALDI--TOF--MS analysis of digestion products of P56--68 (LQLQPFPQPQLPY) (A) and P31--43 (LGQQQPFPPQQPY) (B) on the apical side of Caco--2 monolayers. The degradation pathway was reconstructed considering the membrane peptidases APN, CPP and DPP IV.](pone.0113932.g004){#pone-0113932-g004}

There was no indication for significant translocation of the intact P56--68 or fragments of this peptide when the cell monolayer had been incubated with 32 µmol/L of the peptide for 3 h. However, after 24 h the intact peptide and also the fragment LQLQPFPQPQLP (P56--67), a potential cleavage product catalyzed by CPP, were found. Products derived from CPP-cleavage of P31--43 after incubation, e.g., LGQQQPFPPQQP (P31--42) were detected in the basal media after 3 and 24 h. In addition, smaller cleavage products as well as the intact GP were identified.

Discussion {#s4}
==========

In celiac disease certain GP sequences seem to influence inflammatory processes. Toxic GP like P31--43 are thought to induce mucosal damage by activation of the innate immune response whereas immunogenic GP like P56--68 contain epitopes which were shown to induce an adaptive immune response by stimulation of DQ2 restricted T-cell clones derived from celiac patients [@pone.0113932-Ciccocioppo1], [@pone.0113932-Londei1]. Until now it is not fully understood how toxic and immunogenic GP can pass the epithelial barrier into the *lamina propria* region to induce immune responses.

The aim of our study was to investigate the epithelial translocation of P31--43 and P56--68 which are assumed to be minimal motifs to induce innate immune responses or T-cell stimulation, respectively. Mamone et al. [@pone.0113932-Mamone1] reported that P56--68 was present in gastric-pancreatic digests of α-gliadin. They further observed that P31--55 which was also found after digestion of α-gliadin was able to pass the epithelial barrier in an intact form. Therefore, we hypothesized that P31--43 crosses the epithelial barrier in an intact form, since P31--43 was previously shown not to be transported into late endosomes or lysosomes [@pone.0113932-Lubbing1]. In further studies using intestinal biopsies from control and celiac patients the immunogenic P57--68 was found to be completely degraded after mucosal to serosal transport. In contrast to biopsies of celiac patients, P57--68 was already partially degraded by brush-border peptidases in control subjects; the longer peptides P56--88 and P31--49 were not degraded by brush-border peptidases on the apical side but during the transport from the mucosal to the serosal side [@pone.0113932-MatysiakBudnik1], [@pone.0113932-Menard1].

However, the use of intestinal biopsies from celiac and control patients to investigate transport and degradation of GP comprises a complex interplay between various cell types and hardly allows to reveal the role the enterocytes in the metabolic fate of GP and thus their role in antigen transport and presentation.

To investigate the involvement of enterocytes experiments using Caco-2 cells as a model for the epithelial barrier were carried out. Schumann et al. [@pone.0113932-Schumann1] who also used this cell model observed epithelial transcytosis and partial degradation of P56--88, a longer form of P56--68. In addition, Iacomino et al. [@pone.0113932-Iacomino1] showed that the toxic P31--55 which corresponds in its first 13 amino acids to P31--43 which we used in our experiments was resistant against degradation and able to pass an intact Caco--2 monolayer.

In our experiments, information given by fluorescence spectroscopy, flow cytometry and confocal microscopy suggested an intracellular as well as a transcellular uptake of fluorescence labeled peptides. However, MALDI-TOF-MS revealed a cleavage of P31--43 and P56--68 already at the apical side of the cells as a function of time. Thus, tracking of a fluorescence label does not necessarily correlate with a transport of intact antigens across the intestinal cell barrier but can also represent fluorescence labeled fragments of the peptide.

We were able to confirm the results of Barone et al. [@pone.0113932-Barone1] and Lübbing et al. [@pone.0113932-Lubbing1] demonstrating intracellular uptake of fluorescence labeled P31--43 and P56--68 in Caco--2 cells. Furthermore, we found that, as opposed to P31--43, incubation with P56--68 for longer time periods or with increasing concentration resulted in a saturation of uptake or translocation indicating the ability of P31--43 or its fragments to overcome the epithelial barrier more easily ([Fig. 2A, B](#pone-0113932-g002){ref-type="fig"}, [3J](#pone-0113932-g003){ref-type="fig"}).

To investigate the transport mechanism for GP, MβCD was used as an inhibitor of endocytosis. MβCD is known for its cholesterol extracting properties thereby inhibiting clathrin-independent endocytosis, but also an inhibitory effect on clathrin-mediated endocytosis is discussed [@pone.0113932-Rodal1]--[@pone.0113932-Vercauteren1]. In our experiments, MβCD down-regulated the uptake and translocation of peptides in cells incubated with P31--43 but not with P56--68, suggesting a clathrin-independent endocytotic uptake of P31--43 or its fragments ([Fig. 2C](#pone-0113932-g002){ref-type="fig"}, [3](#pone-0113932-g003){ref-type="fig"}). This is in agreement with Caputo et al. [@pone.0113932-Caputo1] who observed a reduced endocytosis of fluorescence signals in cells incubated with labeled P31--43 but only a slightly reduced endocytosis with labeled P57--68. Schumann et al. [@pone.0113932-Schumann1], however, reported the inhibition of translocation of intact fluorescence labeled P56--88 by using MβCD.

Similar to different notions regarding the intracellular uptake of GP there are also controversial data about the endocytotic transport of P31--43 and P56--68. Previous studies using fluorescence labeled peptides or immunostaining indicated that P56--68 was transported into late endosomes whereas P31--43 remained in early endosomes [@pone.0113932-Zimmer1], [@pone.0113932-Lubbing1], [@pone.0113932-Barone2]. However, only using the tracking of fluorescence signals may limit the conclusions that can be drawn with regard to the structural integrity of the peptides. Thus, we also performed MALDI-TOF-MS analyses revealing time dependent cleavage of both GP on the apical side of the cells. As has previously been shown by Hausch et al. [@pone.0113932-Hausch1], immunogenic GP can be partly digested by brush-border membrane peptidases of rat small intestinal mucosa. Their intact P57--68 had been degraded with a half-life of 35 min but degraded peptides with a high stability of the PFPQPQLP motif were observed over prolonged incubation times. Enzymes most likely involved in the cleavage are APN, CPP and DPP IV [@pone.0113932-Hausch1]. Our MS results revealed that the majority of P56--68 and P31--43 exposed to intestinal cells remained intact over 3 h. However, after 24 h, C-terminal tyrosine was cleaved in the majority of both peptides suggesting a degradation catalyzed by CPP ([Fig. 4](#pone-0113932-g004){ref-type="fig"}).

Considering the translocation to the basal side of the cells after 3 h incubation neither intact P56--68 nor fragments originating from degradation by APN, CPP or DPP IV were identified.

Using 24 h incubation, little intact P56--68 and mostly P56--67 was detected in the basal compartment. Arentz-Hansen et al. [@pone.0113932-ArentzHansen1] supposed that the C-terminal tyrosine of P57--68 is critical for binding to HLA-DQ2 and cleavage of this amino acid abolished the binding to HLA-DQ2 molecules and thus the recognition by T-cells. They have shown, that stepwise truncation of this peptide at the N-terminal position also let to a successive loss of HLA-DQ2 binding affinity and recognition by T-cells. Therefore, we suppose that P56--67 would not be able to induce inflammatory responses in celiac patients.

Toxic GP such as P31--43 are thought to induce not only the production of IL--15 in the *Lamina propria* leading to the activation of intraepithelial lymphocytes and the destruction of enterocytes [@pone.0113932-Maiuri1] but also to stimulate the secretion of inflammatory cytokines in monocytes; thus, having an effect on the innate immune response in leukocytes [@pone.0113932-Jelnkov1]. When we incubated immature dendritic cells with GP, we observed a similar, i.e. pro-inflammatory effect for P31--43 but not for P56--68 ([Fig. S1](#pone.0113932.s001){ref-type="supplementary-material"}). However, applying basal cell culture media of Caco--2 cells incubated with P31--43 did not significantly increase cytokine production ([Fig. S2](#pone.0113932.s002){ref-type="supplementary-material"}). This might be an indication that the amount of intact P31--43 and its fragments in the basal compartment was too low to stimulate cytokine secretion

In addition to transcellular pathways, paracellular transport mechanisms may be involved in the process of translocation of GP across the epithelial barrier. It was shown that gliadin enhanced paracellular permeability [@pone.0113932-Sander1]--[@pone.0113932-Drago1]. Clemente et al. [@pone.0113932-Clemente1] reported that the toxic P31--55 but not a non-toxic GP increased the paracellular leak in rabbit intestinal mucosa. In contrast, experiments with celiac biopsies indicated that there was no major paracellular flux of the toxic P31--49 and the immunogenic P56--88 [@pone.0113932-Menard1].

In contrast to the existing hypothesis that toxic GP stay intact while passing the epithelial barrier we have shown for the first time that, apart from the immunogenic P56--68, the toxic P31--43 can be partly degraded by enterocytes as well. According to the structural analyses by MALDI-TOF-MS, however, only small amounts of intact toxic and immunogenic peptides were able to pass the Caco--2 monolayer.

So far, previous investigations concentrated on various peptides with a different length which were all bigger than the ones we investigated. Therefore, the data are difficult to compare. From those previous studies the major conclusions were that larger peptides can be digested and that it might be better to use smaller and non-digestible peptides for further pre-clinical and clinical studies. However, from our experiments it is obvious that even smaller peptides can be digested prior to the translocation across the epithelial barrier.

To conclude, (i) we report for the first time on the translocation and degradation of an immunogenic as well as of a toxic GP with the same length; (ii) we found a higher translocation of P31--43 or its fragments compared with P56--68; (iii) in addition, we also observed for the first time the degradation of the toxic GP P31--43 at the apical side of epithelial cells; and (iv) we measured an increased secretion of IL-8 und TNF-α by dendritic cells incubated with intact P31--43; (iv) in contrast, no effect was observed by either P56--68 or the peptides which had passed the intestinal cell layer. Thus, the chain length of GP as well as the integrity of the epithelial barrier seem to be critical for an increased uptake of GP and the subsequent inflammatory immune response.
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**Effect of P31--43 and P56--68 on cytokine secretion (IL-8, TNF-α) by immature dendritic cells (iDC).** iDC were generated from CD14+ PBMCs by a 5-day incubation with 500 U/mL IL-4 and 1000 U/mL GM-CSF in RPMI media with 10% human serum. Then, iDC were incubated with 100 µg/mL P31--43 or P56--68 in RPMI+2% human serum for 24 h. IL-8 (A) and TNF-α (B) secretion in the media were analyzed by a commercially available sandwich ELISA (R&D, Wiesbaden, Germany). Each experiment was performed three times; data are given as mean ± SD; only significant differences are shown as \*p\<0.05, \*\*p\<0.01.
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Click here for additional data file.
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**Effect of the basal media - after incubation of a Caco-2 monolayer with P31--43 and P56--68 - on cytokine secretion (IL-8, TNF-α) by immature dendritic cells (iDC).** iDC were generated from CD14+ PBMCs by 5-day incubation with 500 U/mL IL-4 and 1000 U/mL GM-CSF in RPMI media with 10% human serum. iDC were incubated 24 h with basal media of Caco-2 monolayers after they had been exposed to PF-488 labeled P31--43 and P56--68 on the apical side of the cells. IL-8 (A) and TNF-α (B) secretion in the media was analyzed by sandwich ELISA. Each experiment was performed three times; data are given as mean ± SD.
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Click here for additional data file.
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**Fragments of P56--68 after 3 h incubation summarized in** [**Figure 4**](#pone-0113932-g004){ref-type="fig"} **A.** After incubation of the fluorescence labeled (PromoFluor-488, PF) P56--68 (PF-P56--68) at the apical side of the Caco-2 monolayer, P56--68 was partially cleaved into several fragments (A). Analysis of the basal media revealed translocation of few P56--68 fragments (B). Analysis of the molecular masses was done by MALDI-TOF-MS. Detected molecular masses were assigned to the masses of P56--68 and fragments thereof. The experiment was repeated 3 times (sample 1, 2 and 3).
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Click here for additional data file.
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**Fragments of P56--68 after 24 h incubation summarized in** [**Figure 4**](#pone-0113932-g004){ref-type="fig"} **A.** After incubation of the fluorescence labeled (PromoFluor-488, PF) P56--68 (PF-P56--68) at the apical side of the Caco-2 monolayer, the majority of P56--68 was cleaved into several fragments (A). Analysis of the basal media revealed translocation of some intact P56--68 as well as fragments (B). Analysis of the molecular masses was done by MALDI-TOF-MS. The detected molecular masses were assigned to the masses of P56--68 and fragments thereof. The experiment was repeated 3 times (sample 1, 2 and 3).
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Click here for additional data file.
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**Fragments of P31--43 after 3 h incubation summarized in** [**Figure 4**](#pone-0113932-g004){ref-type="fig"} **B.** After incubation of the fluorescence labeled (PromoFluor-488, PF) P31--43 (PF-P31--43) at the apical side of the Caco-2 monolayer, P31--43 was partially cleaved into several fragments (A). Analysis of the basal media revealed translocation of some intact P31--43 as well as fragments (B). Analysis of the molecular masses was done by MALDI-TOF-MS. The detected molecular masses were assigned to the masses of P31-43 and fragments thereof. The experiment was repeated 3 times (sample 1, 2 and 3).
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Click here for additional data file.
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**Fragments of P31--43 after 24 h incubation summarized in** [**Figure 4**](#pone-0113932-g004){ref-type="fig"} **B.** After incubation of the fluorescence labeled (PromoFluor-488, PF) P31--43 (PF-P31--43) at the apical side of the Caco-2 monolayer, the majority of P31--43 was cleaved into several fragments (A). Analysis of the basal media revealed translocation of some intact P31--43 as well as fragments (B). Analysis of the molecular masses was done by MALDI-TOF-MS. The detected molecular masses were assigned to the masses of P31-43 and fragments thereof. The experiment was repeated 3 times (sample 1, 2 and 3).

(PDF)
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Click here for additional data file.
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